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introduction

Accurote prediction of sound ebsorption in sea woter is essential to the
effective design and operation of sonar systems end has been recognized
as o serious problem for many years. By the end of WWil, it had become
clear that ahsorption at sonar frequencies is an order of magnitude greater
than that in fresh water. Subsequent propagation experiments provided
accurate estimates of the magnitude. By the early 1950's, 1aboratory
resonator experiments had identified the cause as a magnesium sulfate
relaxation and details of the mechanism and relaxation parameters had
been worked out [1,2]. In 1962, Schulkin and Marsh proposed a formula for
sea water absorption based on fieid experiments in the frequency range
2-30 kHz and the measured relaxation parameters [3].

In 1965, Thorp [4] reported sound-chennel propagation experiments in
the Bermuda-Eleuthera area indicating an anomaly at lower freguencies.
The excess loss was fitted by addition of 8 | kHz component to the S&M
formula. The result became known as the “Thorp formula” [5].

Mediterranean experiments were reported by Leroy [6], showing & similar
anomaly but with somewhat higher magnitude and relaxalion frequency.
Experiments cerried over the next two decades in other ereas confirmed
the high degree of veriability of the extra loss and regional dependence has
therefore become much more critical. The major factor involved in this
voriabilily hes been identified as pH (7).

The principal chemical relaxelion responsible for the pH-dependent loss
has been shown to involve boric acid {8). The chemical mechanism has been
identlified os the boric acid/carbonate equilibrium and the perameters have
been measured in the laboratory, all by means of the resonotor method (9.
The laberatory investigalions also revealed a pH-dependent relaxation
involving magnesium carbonoate, which has been found to play & minor bul
significant role in sea water absorption [10].

An absorplion formula, besed solely on known chemical processes would
be far oo compiex and the accuracy would be limited os well. However,
since the range of environmental parameters i~ ‘he World Ocean is very
limited, simplifying approximations can be meug; iai.aly, thet the lnsses
for both pH-dependent relaxotions increase exponentially with pH and the
reloxation frequenties increase exponentially with temperoture. Thorp's
formuloa con then simply be modified by adding the third relexolion and
including the required pH ond temperature correclions.

A 3-relaxation formula hes already been developed. Predictions based on
archival pH dote hove been tested against sll the avoilable sound-chonnel
with good results [11,12].




Absorplion Model

A=A,(Mg504)+A ,(B(OH); )+A 5 (MgCO5)
An= anfifn /(24 £7)

- 1760

8,=0.5x109«™/® ¢ =s50x10
H-8 1770

a,= 0.1x10 " f,=0.9x10
- T/30

a,= 0.03x10""  fi=4sx10

Atlantic 4°C pHB8.0

A=0.00712+0.1 12/{1+12)+0.18 2/ (62+12)
N.Pacific 4°C pH 2.7
A=0.00712+0.0512/(1+12)+0.09 2/ (62+12)
Mediterranean 14°C pHS8.3
A=0.00612+0.2612/(1.42+12)+0.7012/(122+12)
Red Sea 22°C pHeo.2
A=0.00412+0.27127(1.8%+12)+ 1.112/(24% +1?)
sub-Arctic -1°C pH 8.3 |
A=0.0112+40.17 £%(0.85%12)+0.24 1 ¥(4%+12)

Figure 1: Simplified absorption formulase.

In the 3-relaxation formula of Figure 1, A is in dB/km, frequency f and
relaxation frequencies fn are in kHz, temperature T is in °C and pH=8.0 is
the reference vaiue. The pure water term is neglected, meking the formula
valid for frequencies less thoan roughly 100 kHz. PH values in the World
Ocean vary roughly from 7.7 1o 8.3, which cerresponds to an absorplion
rolio of as much as 4/1 ot the lower frequencies.

The mognesium sulfate term includes the depth factor D{km), which is
adepled {rom the pressure correction of Fisher and Simmons [12]). Depth
dependencies of the other Lwo relaxations are nol yet known; however,
measurements indicate that boric acid effects are negligible. Magnesium
carbonate depth effects can be neglected because its conlribulion is so
small. Selinity dependence will be considered later..

Specific coefficients for several experimental areas, are shown in the
bottom box. Note thot the magnesium suifote terms are gpproximations
valid onty for frequencies much less thon the relaxation frequencies .

-2-
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Figure 2: Thorp's data and 3-relaxation model.

Flgure 2 shows Thorp's data compared to the 3-retaxation model. The
individual components are tdentified and the top curve is their sum. The
overall fil to the dala is seen Lo be as good or better than with Thorp's
2-component formuls.

Note that the boric acid (A2) coefficient is lower than that in the Thorp
formula by some 10%; 1.e., the coeffictent in dB/km becomes equal to the
value in Thorp's equation, which was given in dB/kyd. Differences in the
totct absorption at lower frequencies are then made up by the magnesium
carbonate component (A3).

The parameler adjusiment 1s mainiy justified on the basis of dafa-Tit,
the third component being essential 1o the model. When the sea-walter
resonator date were fitted with 8 2-relaxation model, there were sertous
discrepencies at higher pH values. Correction of Thorp's equelion for pHB.S
gave values thal were much too iow at the lower frequencies, which was
ciesr evidence of the existence of @ third component. Sea water synthesis
expertments were then carried oul. The mechanism was identified as 8
magnesium carbonate retaxation and the relaxation parameters, including
lemperature and pH dependence, were measured.
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Figure 3: Model and data comparison.

Figure 3 compares the 3-component relgxation model predictions and
data from sound-channel experiments tn the Mediterranean, North Paciitc
and North Atlantic (Thorp).

In the North Pacific case [ 14}, the lower value pHx7.7 reduces both the
boric acid (A2) and the magnestum carbonate {A3) coefficients by a factor
of two compared 10 the N. Atlantic. Relexation frequency depends only on
temperature and remains the same.

In the Mediterranean case {15}, the higher value pH=B.3 increases both
the bortc acid (A2) and the magnesium cerbonate (A3) coefficients by a
factor of two compared Lo the N. Atlantic. However, since the relaxation
frequency is higher, the curves do nol differ by as large a large factor al
the lower frequencles.

The value pH 8.0 Qs been assumed for Thorp's experiment and is used as
reference value for the 3-relaxation model. Predictions based on archivai
pH vaiues then show agreement within expertmental Himits for ali reglons
examined. Although no discrepencies are now apparent, small adjustments
of any of the parameters can be made whenever new absorption and pH dala
indicate the need.
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PH Profiles
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Figure 4: PH profiles.

Typical pH profiles for the North Atlantic and North Pecific Oceans and
the Mediterranean Sea,obtained from the GEOSECS expedilion reports [16],
ore shown in Figure 4.

The most striking features are the relative constancy of the pH values at
the surface and the slow variations at greatl depths. Variability with depth
means that netl absorption reaiized for the various propegation modes will
also depend very strongly on the pH profiie and the particular ray paths
involved.

in the analysis of sound-channel propagation experiments, axial values
of pH and temperature have proved o give adequate approximations, within
expected 1imits of experimental error. Axial depths al mid-lgtlitudes are
nedr | km, where the regional variabtiily tends to be greatestl. Al higher
iotitudes, the sound-chennel axis rises nesrer 1o the surface where the pH
values are untiormiy high. For convergence-zone propagation, integration
of 10ss over the ray paths by numerical methods has shown that the 2 km
depth values give accurate estimates except {or possible errors at higher
gtitudes. Surface values are obviously approprigte for the surface duct.
The interim global model has been based on these epproximations.

-5..




Global Model

A=A| (N9804 )+A2(B(0H)3)+A 3(l‘19C03)
Ap=(s/35)anfify /(£24£2)

- T/60
2,=0.1K f= 09xi10'’’®
T/730

83= 0.03K fs=45x10

Figure 5: Global model absorption formula.

Variability of pH is clearly the major limiting factor in the accuracy of
the absorption model. In the proposed global model of Figure S, the pH
parameter K=10%P8) has been substituted in the abscrption formula of
Figure 1. Salinity dependence is taken as S/35 with the cavests noted [11];
i.8. errors probabiy become excessive outside the range 30-40 ppt since
the changes in relaxation frequency must then be considered. This could
require anelysis of constituents, which is beyond the present scope.

The interim modgl is based on estimation of the effective K values for
spscific propsgation modes. From the gerlier analysis, axial values of K
and temperature T (°C) are appropriate for the scund-chennel mode and 2
km depth vaiues for C2 and other deep modes. Errors at high 1atitudes can
be reduced by interpolstion, depending on the ray paths. Temperature is not
8 problem since it can be derived from the SVP or XBT data.

Contours of pH for the surface and for depths 0.5 km and | km &re shown
in the World Ocean Atlas of Gorshkov [17]. Contours for 2 km depth are also
included in Vol. 2. The contour intervels are 0.1 pH unit snd interpolstion
is required. Correction Lo J/#-sriu pressure is alSo necessary.

The GEOSECS data have also been used Lo estimate the 2 km conlours in
parts of the Pacific Ocean not covered by the Russian work. Discrepencies
between the dats sels have been arbitrarily resolved by adjustment of the
contours to minimize effects on estimation error.

The sound-channel K ¢ontour chart of Figure 6 is based on the snalysis
of Russian pH contours by Lovett [18). The CZ and surfsce cherts, derived
mainty from the Russian report, are shown in Ficures 7 and 8, respeclively.
The CZ chart is 8 modificetion of the earlier 2 km chart with corrections
for high-latitude effects. Effective K values were oblained by integretion
over appropriste ray paths.
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The absorption formula of Figure S has been based on the results of both
laboratory and sound-channel experiments. Because the frequency range of
the resonaior was limited to 10-100 kHz, it was not possible to measure
the boric acid relaxation parameters by this means. The field dota were
primarily used in determining the absorption spectra at lower frequencies.
Thorp's date of Figure 2, considered tc be the most accurate, was heavily
weighted in the anaiysis.

The pH data tor the sound-channel experiments vas archival and ecrors
ere estimeted to be of the order 10.05 units, wnich corresponds to 128
error in magnitude ot lower frequencies. Therefore, the absolute eccuracy
of the pH-dependent pert of the formula is expected Lo be of this order.
The accuracy of the pH-independent part is as good or better. Resonstor
studies of sea-water absorption in the low kHz range have been carried out
recently at the Academia Sinica laboratories and measurements over the
pH range of interest conlirm overall formula predictions with aquivalent
accuracy [19,20).

Accuracy of field predictions will, in generel, be limited by the pH data.
The K contours of Figures 6-8 should provide reasonably good estimates of
gbsolute pH effects for the three propagation modes throughout most of
the World Oceen. Possible exceplions ure regions ywhers some significant
discrepencies between the Russian and GEQSECS values have been noled
and elso regions where pH profile changes ere ropid. Questions cen also
arise when there is no clearly dominant propegation mode.

While the qlobal model con certainly account for gross ragional changes
in absorption, the overs!l accuracy mey be inadequete in some coses. For
example, it can be difficult 1o determing what velues 1o use for arbitrary
ray poths. Interpolation between the sound-channel, converqence-zone and
surface values should help Lo improve matters; however, the errors could
eusily become unacceptable when there are ropid changes over the depth
range in question. Some subjectivily end uncertainty is alweys tnvolved in
such a process. Furthermore, Lhe errors eie additive and combined effects
of ray-path approximations ond errors in velues could become excessive.
Therefore, an obvious methed of simplifying the computetional process, os
well as improving the overall accuracy, is to integrote loss over all the
ray paths using en oppropriate profile for the region.

in the following sections, oil of the GEOSECS dota ore anolyzed for the
purpose of assessing the accuracy of the K contour charts. The second and
perhaps major purpose is {o investigete K-profila estimation methods for
incorporation in exisling compuier programs :or propegation 10ss.
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GEOSECS Data Analysis

The Geochemical Ocean Sections Study (GEOSECS) [16] atlas volumes
contein records of tne oceanographic data taken during the International
Decade of Ocean Exploration (IDOE) 1970-1980. The areas covered include
the Atlantic, Pacific and Indian Oceans. The expedition tracks followed
depth contours of 4 km or more and coverage is not comprehensive. Data
are missing for many of ti:e stations aiso, particularly the first part of
the North Atlantic track.

The Carbonate Chemistry sections of each volume contain the tables of
temperature, salinity, pH and associated parameters vs depth. The pH data
is the primary concern in this work. Procedures and method of pH analysis
are discussed in the atlases and references. Yalues corrected {0 s7-s/iw
temperature and pressure are included and are used in this report.

Data for the three oceans are presented in sections, each beginning with
a track chart showing the station numbers. Station sequence is followed
except for the indian Ocean section where the profiles 404-407, for the
Mediterren=an “ea, the Red Sea and the Gulf of Aden, are placed at the end
in reversed order.

The graphs 6t the *ap of the figures following contain 5 sequential pH vs
dzpth rrof.les. Depth intervals yere choser to give the minimum required
detoil and the originel dawa were inturpolated to obtain the values when
necessary. Any fine structure present was minimized by smoothing. The pH
scole for eech station is ingiceled by solid verticel lines with the vaiue
pHR.0 at the top. The tick marks are 0.1 pH units and successive profilas
ore displacad two units Lo the right. The tables below the grophs show the
station numbers, station coc.'dinates and colculoted K vaiues vs depth.

The K contours at {ive selected gept”s 0, 0.5, 1, 2 and 4 km ore shown in
Figures 41-45 The contours were derived by plotling the K values on the
charts and adiusting fur "best-fit", teking into consideration velues and
trends indicoted by the Russian profiles. Note thet ihe K values refer {o
regions seporoeted by contour lines end not the contour lines themselves,
8s in the eerlier charts. This simplifies selection of values in the regicas
of gradusl change ond serves to iden.ity probiem regions of rapid chonge
as well,

The five K volues provid2d by the cherts should permit quite accurets
estimation of the K profiies in regions where no deto are evailoble. ir.
lster sections, several alternative niethods for formuleling profiles ere
proposed. The expected error in predicted loss due to profile estimation
errors is 6iso considered.
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Atlantic Ocean

TRACK OF R/V KNORR,
GEOSECS ATLANTIC EXPEDITION, 1972-73
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Station®>) 24 27 28 29 30
o4°N 42°N 39°N 36°N 32°N
Dopth(km)| 34°W | 42°W | 44°W | 47°W | S51°W
0.00 1.45 174 1.70 1.78 1.78
0.10 1.26 1.82 1.74 1.74 1.86
0.20 117 178 1.70 1.74 .36
030 1.12 1.62 1.66 1.70 1.66
0.40 1.07 151 1.55 1.62 1.51
0.50 1.05 1.45 141 1.56 1.45
0.60 1.05 1.26 132 1.41 1.32
0.70 1.05 1.15 123 1.20 115
0.80 107 1.05 110 1.02 1.07
099 1.07 1.02 1.07 1.02 1.02
1.00 1.07 1.05 i.10 1.10 1.05
1.25 110 1.12 120 1.20 115
1.50 1.10 117 123 1.23 1.20
175 1.05 1.20 1.20 1.20 1.23
2.00 1.00 1.20 1.17 115 1.23
3.00 098 110 1.10 1.05 1.12
400 098 1.00 100 1.00 1.05

Figure 10: Atlantic Ocean stelions.
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0.20 1.70 162 1.56 1.66 1.35
0.30 1.66 1.58 145 1.51 1.26
0.40 1.58 151 138 1.4l 1.12
0.50 1.45 1.41 123 1.12 0.95
0.60 132 1.26 117 1.00 0.69
0.70 1.23 1.10 1.00 0.91 0.83
0.80 1.05 1.05 095 0.83 0.8
090 1.02 1.02 093 0.83 0.81
1.00 1.05 1.05 098 0.89 0.87
1.25 1.12 119 1.10 1.00 1.00
1.50 117 1.17 1.12 1.12 1.10
1735 115 117 1.12 1.15 115
200 1.12 1.15 1.10 1.15 1.15
3.00 1.05 1.05 105 1.10 1.12
400 0.95 0.95 095 0.98 1.00

Figure 11: Atlantic Ocean stetions.
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0.10 1.58 1.41 1.62 1 66 i.41
0.20 1.15 1.07 1.58 1.32 1.12
030 1.05 1.00 145 1.23 1.00
0.40 1.00 0.67 138 1.02 0.93
0.50 0.89 0.79 123 0.93 0.91
0.60 0.85 0.78 115 091 0.91
0.70 0.83 0.79 098 0.89 0.89
0.80 0.83 083 0935 0.91 0.89
0.90 0.87 0.87 093 0.93 0.91
1.00 091 091 098 095 0.93
1.25 1.05 1.00 105 1.10 1.10
1.50 1.20 1.17 1.12 1.15 1.15
1.79 1.26 1.23 1.12 1.20 1.20
2.00 1.26 1.26 1.10 1.20 1.20
3.00 112 1.12 105 1.12 1.15
400 1.00 1.07 1.00 1.00 1.00

Figure 12: Aliantic Ocean stations.
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0.30 1.00 0.98 107 1.32 1.58
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0.50 0.83 0.83 093 1.07 1.19
060 083 081 093 1.09 1.12
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0.80 067 087 093 1.02 1.05
090 0.89 091 095 1.02 1.05
1.00 0.93 0.95 1.00 1.02 1.07
1.25 1.07 1.02 107 1.07 1.10
1.50 117 115 1.12 1.17 1.15
1.75 1.20 1.20 120 1.26 1.23
200 1.20 1.23 117 1.23 1.26
3.00 115 1.15 1.12 115 1.15
400 1.07 1.05 098 1.00 1.00

Figure 13: Atlantic Ocean stations.
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0.30 1.66 1.70 1.70 1.74 1.70
0.40 191 1.51 158 1.62 1.58
0.50 1.32 1.32 141 1.48 1.5]
0.60 1.15 1.23 132 i.38 1.45
0.70 1.10 1.17 1.26 1.32 1.35
0.80 1.05 1.12 120 1.26 1.32
6.990 1.02 1.05 112 1.23 1.26
' 1.00 1.02 1.02 105 1.15 117
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1.75 1.26 1.20 1.20 1.05 1.07
200 1.26 1.23 123 1.12 117
3.00 .17 115 1.20 117 115
400 1.00 093 09! 0.69 0.87

Figure 14: Atlantic Oceen stations.
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36°S 39°S 45°5 58°S 61°S
Depth(km)] 45°W 49°W S1°W 66°W 63°W

0.00 200 200 195 1.78 1.66

0.10 1.95 174 186 1.74 1.58

020__| 186 151 170 | _1.62 112
030__| 182 141 141 T4l 1.07
040 | 170 135 | 135 | 126 102
050 | 162 120 | 129 .10 1.00
060 | 151 23| 126 | 100 | 098
070 | 141 120 | 120 | 083 | 008
080__| 135 12| 110 ] 095 | 098
090 | 129 107 | 105 ] 095 | 0o
1.00__1 123 100__| 100 | 093 1,00
125 | 110 | 095 | 095 | 095 1.02
150 | 100_ ] 093 | 091 | 095 .02

.75 0.98 093 089 0.95 0.98

200 | 100 003 089 0.0 0.03

3.00 1.10 093 0.89 0.69 0.91

400 0.89 0.85 083 0.83 0.85

Figure 15: Atlantic Ocean stations.
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050 115 0.08 105 1.00 102
0.60 112 1.0? 1021098 1.00
0.70 110 102 100 0.08 1.00
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0.90 1.05 1.00 098 0.9 1.02
. 1.00 1.05 .00 098 1.00 1.02
125 102 102 008 1.00 7.02
1.50 1.00 008 065 0.96 1.00
175 0.98 095 095 0.90 0.98
200 | 045 0.05 093 0.5 0.95
300 | 091 087 069 0.69 0.01
400 0.89 081 085 0.65 0.83

Figure 16: Atlantic Ocean stations.
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200 096 0.96 098 1.05 1.15
300 | 089 0.95 095 1.00 1.05
400 083 083 083 0.85 0.91

Figure 17: Atlantic Ocean stations.
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Figure 18: Atlantic Oceen stalions.
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0.10 1.98 1.78 191 1.91 1.95
0.20 1.41 1.70 191 1.78 1.78
0.30 1.35 1.66 178 1.70 1.74
0.40 1.20 1.58 170 158 1.55
0.50 1.00 .38 1652 1.59 1.38
0.60 0.85 1.29 151 1.41 1.23
0.70 0.76 112 129 1.32 117
0.80 0.72 110 126 1.23 1.10
090 074 1.07 120 1.7 1.10
1.00 0.87 1.05 1.15 117 1.15
1.25 1.00 1.10 1.17 1.20 1.20
1.50 1.05 1.29 123 1.23 1.23
1.75 1.15 1.20 123 1.26 1.23
200 .15 1.20 120 1.26 1.26
| 3.00 1.12 1.10 1.10 1.10 115
400 1.00 1.00 100 1.05 .05

Figure 19: Atlantic Ocean stations.
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Station* 119 120 121
Station®,| 119 120 121

32°N 33°N 36°N
Depthtkm)] S1°W S7°W e8°W
0.00 2.00 200 204
0.10 191 2.00 204
0.20 1.82 1.86 191
0.30 1.74 1.74 178
0.40 170 162 1.70
0.30 .56 1.95 162
0.60 141 1.38 146
070 1.35 1.23 129
0.80 1.23 1.12 1.15
0.90 117 1.03 107
1.00 1.20 1.07 1.07
.29 1.23 117 1.20
1.50 1.32 1.20 123
1.75 135 1.20 1.26
200 1.35 117 123
3.00 115 1.15 119
400 1.07 1.02 107

Figure 20: Allentic Ocean stations.
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Pacific Ocesan

TRACK OF R/V MELVILLE,
GEOSECS PACIFIC EXPEDITION, 1873-74

A LARCT VOLUME STATION
© SMALL VOLUML STATION
U CT0 STATION

Figure 21: Pacific lrack.
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) 34°N 33°N 31°N 30°N 31°N
Depthlkm)| 128°W 140°W 150°W 160°W 169°W
0.00 1.78 1.82 182 1.95 1.95
0.10 1.62 1.86 195 1.95 2.00
0.20 1.12 1.58 166 1.66 1.86
0.30 0.89 1.38 151 1.58 1.66
0.40 0.54 1.07 117 1.26 1.51
0.50 0.49 083 093 0.95 1.26
0.60 0.46 0.56 063 0.83 0.91
0.70 0.45 0.47 054 056 0.70
0.80 0.46 0.45 0.50 0.47 0.63
0.90 0.48 0.44 048 0.45 0.49
) 1.00 0.50 0.45 047 0.47 0.47
1.25 052 0.48 0.49 0.52 0.48
1.50 0.55 051 054 0.58 0.56
1.79 0.58 0.53 0.58 0.63 0.63
2.00 0.60 0.59 062 0.66 0.66
3.00 0.66 0.68 068 0.74 0.69
400 0.68 0.69 072 0.78 0.74

Figure 22: Pacific Oceen stations.
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0.80 0.65 0.56 058 0.51 0.44

0.90 0.55 052 0.59 0.90 0.45

1.00 0.54 051 0.54 0.50 047

1.25 0.56 0.52 054 0.54 0.91

1.50 063 0.56 0.56 0.56 0.56

175 0.65 063 063 0.58 0.60

200 0.69 0.68 066 0.60 0.63

3.00 0.68 071 0.71 0.66 0.66

400 0.68 06D 074 071 063

Figure 23: Pacific Ocean stations.
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Figure 24: Pacific Ocean stalions.
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0.30 0.60 0.68 138 1.95 1.41
0.60 0.59 0.9 1.00 1.26 1.00
0.70 051 0.55 0.79 0.85 0.79
0.80 0.49 0.54 063 059 0.63
0.90 0.48 0.54 056 0.93 0.96
1.00 0.48 0.54 054 0.51 0.94
1.25 0.50 0.56 0355 0.51 0.55
1.50 052 0.58 062 0.54 0.58
1.75 0.94 0.60 0.66 0.58 0.62
200 0.56 063 071 0.63 0.65
3.00 0.65 0.66 072 0.71 0.
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25°N 19°N 13°N 18°N 17°N
Depthkm){ 170°W 169°W | 173°W 169°W 161°W
0.00 200 2.00 200 1.95 1.91
0.10 200 1.95 191 1.91 1.99
0.20 2.00 1.86 1.78 1.95 1.58
0.30 1.82 1.58 1.12 1.41 1.00
0.40 1.70 1.26 0.89 1.23 0.79
0.50 1.41 1.00 0.79 0.79 0.39
0.60 1.17 0.79 0.71 0.74 0.56
0.70 0.66 0.68 0.66 0.72 0.55
0.80 0.62 0.66 065 0.72 0.55
0.90 0.60 0.66 065 0.71 0.55
1.00 0.62 0.68 066 0.71 0.26
1.25 0.65 0.69 069 0.69 0.60
1.50 0.68 0.71 0.71 0.69 0.63
1.75 0.71 0N 072 0.69 0.66
2.00 0.72 0.72 0.74 0.71 0.69
3.00 0.74 0.74 0.74 0.74 0.71
400 0.74 0.78 0.74 0.74 0.74

Figure 25: Pacific Ocean stations.
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0.70 0.58 0.56 062 0.68 0.63
0.80 0.59 0.59 060 0.66 0.62
0.90 0.60 0.62 060 0.66 0.62
1.00 062 0.65 060 0.68 0.63
1.25 063 0.68 063 0.71 0.66
1.50 0.66 072 066 0.72 0.69
1.75 0.69 074 069 0.74 0.7
200 0.72 074 0.71 0.76 0.72
3.00 0.78 0.74 0.74 0.78 0.74
400 0.79 0.76 0.74 0.76 0.74

Figure 26: Pacific Ocean stations.
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Figure 27: Pacific Oceen stations.
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Figure 28: Pacific Ocean stations.
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tigure 29: Pacific Ocean stations.
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24°S 28°S 33°S 39°S 43°S
Depth(km)| 128°W 128°w 126°W 129°W 130°W

0.00 1.95 195 182 1 19 1.74
0.10 1.74 .78 191 1.78 1.66
0.20 1.66 1.62 195 1.45 1.48
0.30 1.58 1.55 141 1.38 1.41
0.40 1.45 1.41 132 1.38 138
0.50 1.32 1.35 126 1.35 1.35
0.60 1.23 1.26 126 1.39 1.32
0.70 117 1.12 1.23 1.32 1.26
0.80 1.10 1.00 1.17 1.26 1.23
099 1.05 0.95 1.12 1.20 1.15

1.00 0.96 0.91 105 .05 102
175 087 067 005 0.05 0.69
150 083 0.65 080 0.01 063

175 08! 0.83 085 0.89 0.79
2.00 079 083 085 0.67 0.79
3.00 0.78 0.81 081 0.81 0.79
400 0.78 081 0.79 0.79 0.78

Figure 30: Pacific Ocean stations.
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0.00 200 1.78 158 1.58 1.58
0.10 2.00 1.86 1.56 1.26 1.35
0.20 1.58 .78 1.00 0.71 1.20

030 | 148 14l [ 079 | 063 1.00
0.40 141 074 1 071 | 063 1 071
050 132__| 072_| 066 __| 071 0.60
0.60 123 ] 074 | 065 | 072 | 068
070 | 105 | 076 | 062 | 074 | 069
080 1 098 | 078 | 062 | 074 | 071
099 | 095 | 078_| 063 | 074 | 07z
00| 085 | 078 | 066 | 074 | 072
125 | 093 | 078 | 072 | 074 | 072
150 | 091 0791 079 | 076 | 072
175 ] 089 ] 079 ] oal | 076 | 074
200 | 087 | 079 | o8l | 079 | 076
300 | 081 079 _] 081 __| 079 | 079
i 400 0.79 0.79 079 0.81 079

Figure 31: Pacific Ocean statlions.
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06°N 10°N 17°N 23°N 29°N
Depth{km) 124°W 124°W 123°W 122°W 121°W

0.00 1.66 191 195 1.78 1.78

0.10 1.26 0.63 1.58 1.74 1.58

0.20 1.00 0.58 063 1.00 1.12

0.30 0.76 0.95 052 0.60 079

0.40 071 055 051 0.52 0.56

0.50 063 0.94 050 0.50 0.54

060 0.52 0.54 G50 050 | 051

0.70 0.5¢ 0.52 051 0.50 0.50
0.80 0.59 0.52 052 0.50 0.50
090 0.59 0.34 034 0.3 051

i.00 060 | 054 055 0.54 0.52

1.25 Q62 0.56 056 0.56 0.55

150 066 059 1 062 060 059

173 066 _ 0.63 060 0.63 0.63

200 0.71 068 069 0.06 0.66

300 072 074 072 07! Q71

400 0.74 079 071 0.69 0.72

Figure 32: Pacific Oceen stations.
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L@ 00¢ 1.70 1.70 174 1.70 1.70
i 0.10 0.79 0.85 126 1.26 1.29
e 020 | 068 | 078 | 098 | 095 1.07
i 030 1 063 [ 069 | 081 069 | 083
R 0.40 0.60 0.66 08! 0.83 0.65
B 050 060 0.65 0.72 0.74 0.79
-3 0.60 0.58 063 068 0.68 0.76
R 0.70 058 062 062 0.66 0.69
‘E!’
. 0.80 056 0.60 060 0.65 0 66
. 0.99 056 0.60 060 0.65 0.65
) 1.00 056 0.60 062 0.65 0.65
L 125 058 0.62 065 0.66 0.68
gg _ 150 0.63 063 0.71 0.71 0.71
Tl 175 068 0.66 074 0.72 0.74
= 200 071 0.7] 0.76 0.76 0.76
. 300 0.72 0.76 0.79 0.76 0.78
. 400 0.72 0.76 076 | 074 076
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3‘55 Figure 34: Indian Ocean stations.
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Station®>| 421 424 425 427
06°S 12°S 17°S 27°S 38°S
Depthtkm)| S1°F 94°E 96°E S7°E o8°E

I
3

0.00 1.74 1.78 1.82 1.82 1.82
010 1.29 1.48 1.78 1.70 1.74
0.20 1.12 1.32 1.66 1.62 1.66
0.30 1.05 1.23 199 1.55 1.62
040 0.98 117 141 1.51 1.55
030 | 089 1.09 1.26 1.45 1.51
0.60 0.79 1.00 1.00 1.35 14|
0.70 0.76 091 093 1.26 1.26
0.80 074 0.85 091 1.17 1.17
0.90 0.72 0.79 069 1.00 115
1.00 0.72 0.78 087 0.9% 1.10
1.25 0.72 0.79 087 0.89 1.00

1.50 0.74 0.79 087 0.87 0.89
1.79 0.78 0.79 087 0.87 0.85
200 0.79 0.81 085 0.687 0.85
3.00 0.78 079 0.79 0.81i 0.83
400 0.76 0.76 0.76 0.78 0.79

Figure 35: Indian Ocean stations.
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Station* 429 430 431 432 433

Station®>| 429 430 431 432 433

1 48°S 60°S 64°S 99°S 53°5

Depthkm)| S8°E 61°E 84°E 93°t 103°E
0.00 1.62 1.51 148 1.58 1.51
0.10 1.58 138 1.12 115 1.38
0.20 1.35 0.98 1.00 1.02 1.05
0.30 115 093 095 0.98 0.98
0.40 1.02 091 095 0.95 0.93
0.50 0.96 091 093 0.95 0.93
0.60 0.95 093 098 0.98 0.99
0.70 095 0.95 098 0.98 0.98
0.80 0.95 098 1.00 1.00 1.00
0.99 0.93 1.90 1.00 1.00 1.00
1.00 0.93 1.C0 1.00 0.98 1.00
1.25 091 1.00 096 0.95 0.98
1.50 091 0.98 0935 0.93 0.95
.79 0.89 0.95 093 0.91 0.95
200 0.87 091 093 0.91 0.91
3.00 0.83 0.85 083 0.85 0.85
400 0.79 079 0.78 0.79 0.78

Figure 36: Indian Ocean stations.
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Station* 4335 436 438 440 441

Station®y| 435 436 438 440 441

40°S 29°S 19°S 09°S 05°S
Depthtkm)] 110°%E 110°E 101°E 95°E 92°t
0.00 1.78 1.86 191 1.78 1.78
0.10 1.66 .78 i.86 1.13 1.12
0.20 1.58 .74 1.66 0.89 0.91
0.30 1.95 1.58 155 0.89 0.83

0.40 1.51 1.55 1.48 0.83 0.79
0.30 1.48 1.45 141 0.76 0.72
0.60 1.41 1.26 126 0.76 0.68

0.70 1.32 1.12 0.89 0.72 0.66
0.80 1.20 1.05 081 0.71 0.66
0.90 1.15 0.96 0.78 0.7 0.66
1.00 1.10 0.89 0.76 0.12 0.68
1.25 0.98 0.85 0.76 0.74 0.69
1.50 091 083 078 0.78 0.72
.75 0.89 0.85 081 0.79 0.76
2.00 087 0.87 081 0.61 0.78
3.00 0.83 0.85 0.79 0.79 0.79
400 0.79 0.78 0.78 0.79 0.79

Figure 37: Indian Ocean stations.
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) f‘_s; Figure 38: Indien Ocean stations.
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05°S 10°5 15°S 20°S 23°S
Depthtkm){ 80°E BO°E 80°t 80°E 74°E
0.00 1.82 1.82 162 1.86 1.91
010 1.00 1.17 174 1.74 1.82
0.20 091 1.00 145 1.66 1.70
0.30 0.89 0.95 129 1 158 1.62
0.40 0.83 0.89 120 1 155 1.51
0.50 081 0.79 1.10 1.48 1.48
0.60 0.76 0.74 091 141 1.41
0.70 072 0.7 0.8% 1,32 1.26
0.80 069 071 9.79 1.12 1.12
090 0.08 672 0.78 0.89 1.00
1.00 0.69 0.4 0.76 0.81 0.89
1.25 071 0.74 0.76 0.79 079
150 074 0./8 0.78 0.79 0.79
1.75 078 079 0.79 0.83 0.81
2.00 0.79 0.79 083 0.65 0.65
300 1 08l 0.81 081 065 0.83
400 | 079 079 079 0.79 0.79

Figure 39: Indian Ocean stations.
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1.00 1.05 1.14 132 1.66
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400 0.79 1.32

Figure 40: Indian Ocean stations.
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Figure 41: GEOSECS surface K contours.
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K Profiles

Comparison of the K contours indicate no serious discrepencies between
the new end earlier versions. However, adjustments of values and contours
to fit the GEOSECS data should improve accuracy. Considerable uncertainty
was invoived in developing the earlier 2 km contours because the Pacific
latitudes 165°E-130°W were riot covered by Russian charts. Interpolation
and pressure carrections yere involved also. Therefore GEOSECS surface
and 2 km charts should be the more accurate.

The K contours should also allow reasonably accurete of the profiles in
most of the World Ocean. A graphic method i. to connect the five points
with a fair curve, which can be quite subjective. An sutomated methed hes
been developed using an algorithm suggested by Dr. A. H. Nuttall, which has
proved to give good results.

The five K points for depths D=0, 0.5, 1, 2, and 4 kn are numbered 0-4
and the profile is fitled by the expression:

K(D)=K(4)+ [C, + C, D +C, D%+, D%+ C, D% expl-(a D))
¢] 1 2 t‘3‘» 4

where 8= 1/km end b=1.5 have Leen chosen by trisi o obtain “best” results.
The five equations for n=0,1,2,3,4 10 be solved are then given by:

Co* €D, +C,0,2+C D 3+C, D %=IK(D,) - K(d)] exp(D,')

and solution for the coefficients con be oblained either algebraically or by
writing the equalions in matrix form 6nd invertling.

figures 46-49 show some resuits for the North Allentic, North Pecific,
Indion and Southern Oceons. The circles indicate the curve-Tit Lo the five
chart velues for each region. A computer search is then made of the enlire
library to find the five GEGSECS profiles with teast-square errors for the
given points. The error & rms is shown for eoch case Selected profiles are
identified by stelion number ang error. Since the error only indiceles the
goodness of fit at the five points, octual ervors for porticular roy paths
con obviously be greater or less.

For the all the cases shown, the selected profiles fall within the regiens
in question and the errors appear to ba minimal. In olher coses where the
methed recovers profiles oulside the area, the errurs ore equally small An
oiternative procedure would be to seiect the profile with the best overall
fit wn place of the algorithm profile.
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Figure 45: North Atiantic K profiles.
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Figure 47: North Pacific K profiles.
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Figure 49: Southern Qcean K profiles.
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Temperature Profiles
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Figure S0: Typical temperature profiles.

Temperature profiles are also required for the ray-integration method.
Figure 50 shows some typical examples for the regions to be considered.
Temperature profiles are obviously quite similar to K proftles and can be
formulated by the same algorithm method. Salinity variations with depth
are small and can be ignored.

Figures 51-53 show comparison of the temperature and K profiles for ali
reported stations in the three oceans. Statlon sequences read from lefd (o
right and are the seme as before. Starting and ending station numbers are
indicated on each graph. Note thal the spacing has been increased in the
lower Indian Ocesn graph to elimingle overlap of the Guif of Aden, Red Sea
and Mediterranean Sea tempsrature profiles, which might otherwise cause
confustion.

while there Is 8 considerable degree of similarily beiween the profiies
in many regions, the overalt corretation is generally poor and clearly not
sufficient to permit gstimetion of X proities {rom lemperature profiles
with the required accuracy.
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Figure S1: Temperature and K profile comparison.
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Figure 53: Temperature and K profile comparison.
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Model Comparison

Absorption losses (dB) caiculated by both the K model and Thorp equation
for sound-channel, convergence and surface-duct propagation modes are
shown in Figures 54-56. The differences A=A(Kmod)-A(Thorp) include the
expected errors of the K model, indicating the degree of significance.

The K model calculations used ray integration and the algorithm profile.
Values of K and temperature at the five depths were fitied to generate the
profiles. Salinity was taken as constant S=35 except for the Mediterranean
case where S=36 was used. Absorption 1oss at selected frequencies F(kHz)
at ranges R(km) was calculated by integration over appropriste ray paths.
Expected errors were calculated concurrently using AK=10.05 for the sound
channels and CZ and AK=20.1 for the surface ducts. Thorp values were aiso
colculated concurrently to minimize relative errors.

Figure 54 shows one-way sound-channel losses at R=500 km. The largs
range of A vaiues refiects the regional pH variability at axial depths.

Figure 55 shoys two-way absorption losses for active sonar in the CZ
mode. Since the major part of the ray paths falls well beiow the depths of
high pH variability, A values tend to be small in both magnitude and range.

Figure 56 shows two-woy surface-duct losses at R=50 km. The A values

are uniformiy high because of the high surface pH.

Alpha (dB) SC All. 30°N | Pac. 45°N|Psc. S0°S | Ind.10°S | E. Med.
F (kHz) [ R(km)> | 500 500 500 200 500
Kmod. | 333 17.5 47.6 219 316
1.0 Thorp 327 327 3217 3217 32.7
A 07+131-192¢1.41 15021.41-10.7213] 189213
Kmod. | 246 12.9 36.1 16.1 26.8
0.8 Thorp 247 24.7 247 241 247
A -02:10]-119:10) 11.4e1. 1} ~B7210] 121210
K mod. 15.7 8.3 240 10.3 22.8
0.6 Thorp 16.4 16.4 16.4 16.4 16.4
A -0.6:06| -6.1207] 7.660.7| -6.120.6] 6.440.6
K mod. 78 42 123 3.1 10.9
0.4 Thorp 8.4 8.4 8.4 8.4 8.4
A 062031 -42:041 39+04| -33203] 25:03
K mod. 2. 1.1 3.4 1.4 29
0.2 Thorp 2.3 2.3 2.3 23 2.3
A 02000 -1.2:00 112011 -1.0:0.1( 0520.1

T
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Figure 54: One-way sound-channel absorption velues.
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2Alpha (dB) C2Z Atl. 30°N | Pac. 45°N|Pac. 50°S | Ind.10°S | E. Med.
F(kHz) [R{km) | 74 64 36 74 47
Kmod. | 376 25.7 24.4 31.2 342
35 Thorp 342 29.7 16.3 34.2 215
A 24+1.0| -3.9:09( 8.1:05| -3.021.0] 12.7:08
Kmod. | 320 21.2 209 26.0 30.1
3.0 Thorp 28.7 249 13.7 287 18.1
A 3.3:0.9] -3.7:40.8] 7.2¢+04( -27:09] 12.1:07
Kmod. | 26.7 17.1 17.6 213 259
25 Thorp 238 20.6 11.3 23.8 15.0
' A 2920.8] -3.5:0.7] 6.3:04| -25:08] 10.9:0.6
Kmod. | 215 13.4 14.4 16.8 21.2
20 Thorp 19.2 16.7 9.2 19.2 12.1
A 22+07| -33:06] 5.2:03] -25:0.7| 9.1:05
K mod. 16.1 9.8 1.1 12.4 15.8
1.5 Thorp 147 12.8 7.0 147 9.3
A 1.4¢00.6] -3.0:05] 41203} -2.4:06{ 66204
Figure 53: Two-way convergence-zone absorption values.
2Alpha (dB) SD Atl. 30°N [Pac. 45°N|Pac. 50°5 | Ind.10°S | E. Med.
F {kHz) |R{km)> [ 50 20 50 20 S0
Kmod. | 33.7 34.1 35.7 34.5 38.6
3.5 Thorp 231 231 23.1 231 23.1
A 12661 6] 11.061.4] 1250141 113171 154217
K mod. 315 297 30.6 301 340
3.0 Thorp 19.4 194 19.4 19 4 19.4
A 1204157 10.3+1.3] 11.2613] 107:15] 146415
K nod. 26.7 254 258 22.2 29.3
235 Thorp 16.1 16.1 16.1 16. ! 16.1
A 1064131 93+1.2] 9721 1] Q1213] 132:14
K mod. 4R 20.9 212 19.5 24.0
20 Thorp 13.0 13.0 13.0 13.0 13.0
A B.1410] 79:10] B8.2:10[ 65:1.0] 109211
K mod. 148 159 16.3 132 17.7
1.5 Therp 10.0 10.0 10.0 10.0 100
A 46:07] 60:08[ 64:08] 33:07] 77:089

Figure 56: Two-way surface-ducl absorption values.
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Conclusions and Recommendations

Two methods for estimating pH effects on sound absorption have been
proposed for use in conjunction with the absorption formuta of Figure 5.
The interim method employs K contours for specific propagation modes;
i.e. sound channel, CZ and surface duct (Figures 6-8). This method is useful
for rapid calculation but involves judgement if there is no single dominant
mode. The second method employs K profiles constructed from K-contour
charts at five depths 0, 0.5, 1, 2 and 4 km (Figures 41-45). This methed is
useful for integrating loss over all ray paths by computer methods.

One purpose of the GEOSECS data analysis has been to investigate the
consistency of the pH data. Results indicate agreement between the new K
contours and the earlier versions. The sound-channel contours are in good
agreement with Lovett's charts. Agreement with Russian charts at fixed
depths is also gnod except for possible minor discrepencies in surface
values, which may reflect seasonal variability. GEOSECS data were taeken
during warmer periods and surface temperatures appear to be consistently
high, while the Russian dala are seasonally averaged. Within these limits,
errors for both surface charts appear comparable.

The second purpose has been to devise a simple procedure for estimating
the K profiles required for propagation analysis by numerical methods. By
integration losses over all ray paths using o profile, ali uncertainty about
what volues to use is eliminated. The five points from the contour cherts
should aliow reasonably accurate approximotion of K profiles throughout
most of the World Ocean in regions where no aclusal date can be found.

Profiles can be generated graphically by drawing a fair curve through the
five points. Since making the fit consistent with actual profiles involves
some subjectivily, the algorithm method may be preferred.

An alternstive method is to do 6 compuler search a library of profiles and
select the one with ieast-squaie error for the five poinls in question. This
procedure will usually recover o profile in the same generai areo. If not,
discrepencies between known and recovered profiles are usually found to
be minimal. Another alternative is Lo check the overoll il of Lthe recovered
profiles and orbitrerily pick the one that appeors best suited to the region
under considerolion.

One of the main odvontages of the library method is thet eddilions can be
made as new dala become available. While some revisions of the contours
may then be required, the extrapolation errors involved in approximating
profiles should be reduced. This method alsp seems {0 be suitable for easy
implementation in exisling computer programs.

..58_




References

1. 0. B. Wilson and R. W. Leonard, "Measurements of sound absorption in
aqueous salt solutions by & resonator method”,
J. Acoust. Soc. Am. 26 223-228 (1954)

2. M. Eigen and K. Tamm, "Sound absorption in electrolytic solutions due to
chemical relaxation”, Z. Electrochem. 66 93-121 (1962)

3. M. Schulkin and H. . Marsh, “Sound sbsorption in ses water”,
) J. Acoust Soc. Am. 34 864-865 (1962)

4. W. H. Thorp, "Deep ocean sound attenuation in the sub and low
kilocycle-per-second region”, J. Acoust. Soc. Am. 38, 648-654 (1965)

5. W. H. Thorp, "Analytic description of the low-frequency attenuation
coefficient” J. Acoust. Soc. Am. 42 270-271 (1967)

B ¢
g 8
6. C.C. Leroy, "Sound propagation in the Mediterranean Sea”, in Underwater
'séfi Acoustics, ed. V. M. Albers (Plenum, 1967) Vol. 2, pp. 203-241.
eﬁ;ﬁ
2‘% 7.R. H. Mellen and D. G. Browning, "Variability of low-frequency sound

gy
;o B
o

absorption: pH dependence”, J. Acoust. Soc. Am. &1, 704-706 (1977)

8. €. Yeager, F. H. Fisher, J. Miceli and R. Bressel,
“Origin of low-frequency sound absorplion in sea woter”,
J. Acoust. Soc. Am. 53, 1705-1707 (1973)

9.R. H. Mellen, D. 5. Browning end V. P. Simmons, “Investigation of
chemical sound absorption in sea water by the resonator method”,
J. Acoust. Soc Am. Part 1, 68, 248-257 (1960)
Port I, 69, 1660-1662 (1981)
' Part 111, 70,143-148 (1981)
Part 1Y, 74, 967-993 (1963)
10. R. H. Mellen, V. P. Simmons and D. G. Browning, “Sound absorplion in see
woter: o third chemical reloxetion”,
J. Acousl. Soc. Am. 65, 923-925(1974)

11. R H. Mellen, “Global maodel for seund absorplion in sea woler”
PSI Morine Sciences Report, August 1986.




12. _Attenuation of Low Frequency Sound in the Sea,
NUSC Scientific and Engineering Studies, Yolumes | & |l
Published by the Naval Underwater Systems Center (1981)

13.F. H. Fisher and V. P. Simmons, "Sound absorption in sea waler”,
J. Acoust. Soc. Am. 62, 553-564 (1977)

14.R. H. Mellen and D. G. Browning, ~ Low-frequency sound absorption in the
Pacific Ocean”, J. Acoust. Soc. Am. 53 700-702 (1976)

15.R. H. Mellen, T. Akel, E. H. Hug and D. G. Browning, Low-frequency sound
attenuation in the Mediterranesn Sea", J. Acoust. Soc. Am. 78 570 {1985)

16. GEQSECS Atlas, International Decade of Ocean Exploration (IDOE),
Published by National Science Foundation (1981)
Vol. 1, Atlantic Expediton 1972-1973
Yol. 3, Pacific Expedition 1973-1974
Vol. 5, indian Ocean Expedition 1977-1978

17. World Ocean Atlas, edited by S. G. Gorshkov {Pergamon Press, New York)
Vol. 1, Pacific Ocesn, pp.234-235 (1974},
Vol. 2, Atlantic and Indian Oceans, pp234-235 (1978)

19. J. R. Lavett, "Geographic variation of low-frequency sound absorption
in the Atlantic, Indian and Pacific Qceans”,
J. Acousl. Soc. Am. 67 338-340 (1980)

19. Qiu Xinfang, Jiang Jilisng and Wen Shimin, “Sound absorption in sea
waler due to low frequency chemical relaxations”,
Chinese J Acoust. 2 71-80 (1983)

20. Qiu Xinfang, Jieng Jilieng and Won Shimin, “Investigation of the
mechonism of sound obsorption by the boric acid relaxalion in see water’,
Chinese J. Acoust. 3 51-63 (1984)

-60_



BN EXTERNAL DISTRIBUTION LIST

Addressee No. of Copies
e CINCLANTFLT 1
o, CINPACFLT 1
COMMANDER SECOND FLT 1
RO COMMANDER THIRD FLT 1
. SURF FORCE LANT 1
i SURF FORCE PAC 1
i SUB FORCE LANT (CDR Callahan) 1
R SUB FORCE PAC (Staff Oceanographer) 1
TRAINING COMMAND LANT 1
e . TRAINING COMMAND PAC 1
-t SUBMARINE GROUP 2 (LT Arango) 1
s SUBMARINE GROUP 6 (CDR Dantzler) 1
S SUBMARINE DEV GROUP 1 1
) SUBMARINE DEV SQUADRON 12 (CDR W. Stephenson) 2
) DEFENSE TECH INFO CENTER 1
G CNO - NOP-095, NOP-951, NOP-952, NOP- 953, NOP-098
Bt NOP-981, NOP-987, NOP-02, NOP-21, NOP-22, NOP-03,
NOP-62 12
i CNR - OCNR-00, OCNR-10, OCNR-11, OCNR-12, OCNR- 122,
.~;§ OCNR-124, OCRN-125, OCNR- 127, OCNR-13, OCNR- 20 1
o OFFICE OF NAVAL RESEARCH DETACHMENTS
A ONR DET BAY ST. LOUIS
L ONR DET BOSTON
Y ONR DET PASADENA
- NAIR-03
Ch SPAWAR-00, PDW-124, SPAWAR-0S
R SEA-62, SEA-63
T NRL

NRL DET CHESAPEAKE
NRL UND SOUND REF DET ORLANDO

0

1

L

1

1

1

3

2

2

2

, 2

o NRL SPEC PROJ DET PT. MUGU 2

R NORDA 2

i NEPRE 2

Y NADC 2

: NCSC (Ms. A. Bagnell) 2

_,_r.;&& [ NOSC 2

a;§ NOSC DET HAWAI 2

b NPRDC 2

S DTNSRDC 2

k! DTNSRDC CARDEROCK LAB 1

‘ DTNSKRDC ANNAPOLIS LAB 1

Ry DTNSRDC ACOUS RES DET BAYVIEW 1

e DTNSRDC DET BREMERTON 1

nn NUSC 1

© Fo NUSC NEWPORT LAB 4

i) NUSC NEW LONDON LAB 2

NUSC DET AUTEC 2

. NUSC DET WEST PALM BEACH 2

NUSC DET TUDOR HiLL 2

T NUSC DET FT. LAUDERDALE 2

T NUSC DET SENECA LAKE 2
by
R

L, N SEERVV URSES TR O T T RS R AN LR PR TR O iR s et Sl i R R NG ERa A R SIS R Sl R



EXTERNAL DISTRIBUTION LIST
Addressee

NAVAL OCEANOGRAPHY COMMAND

NAVAL OCEANOGRAPHIC OFFICE

FLEET NUMERICAL OCEANOGRAPHY CTR

NTSA

NPS

NwC

SURF WARFARE OFFICERS SCHOOL COMMAND

SUBMARINE SCHOOL (Code 10, CDR Almon)

APPLIED PHYSIC LAB, JOHNS HOPXINS

APPLIED PHYSICS LAB, U. WASHINGTON

APPLIED RESEARCH LAB, PENN STATE

APPLIED RESEARCH LAB, U. TEXAS

MARINE PHYSICAL LABORATORY SCRIPPS

WOODS HOLE OCEANOGRAPHIC INSTITUTION

UNIV. OF CT, MARINE SCIENCES (Dr. F. W. Bohlen)

UNIV. OF NH, EARTH SCIENCES (Dr. F. Anderson)

UNIV. OF Rl

PLANNING SYSTEMS INC (Dr. R. H. Mellen)
Contract #N66604-87-M-BS555

No. of Copies

S»AH"‘HHHHHHHHH»—JHNK\JN



